Summary We have reported that rebamipide, a gastroprotective drug, suppresses indomethacininduced gastric mucosal injury in humans and rats. However, the mechanisms of the cytoprotective actions of rebamipide have not been fully addressed. In the present study, we determined mRNA expression profile of the gastric mucosa treated with indomethacin in rats, and investigated the cytoprotective effects of rebamipide against indomethacin-induced injury with a high-density oligonucleotide array (Rat Toxicology U34 GeneChip array). Gastric epithelial cells were obtained by laser-assisted microdissection. Data analysis was performed with a GeneChip Operating Software, GeneSpring software 7.0, and Ingenuity Pathway Analysis. Among 1,031 probes, the expression of 160 probes (15.5%) showed at least 2.0-fold upregulation (158 probes) and down-regulation (2 probes) 2 h after indomethacin administration in comparison with the vehicle-treated rats. The pathway analysis of the up-regulated 123 probes identified the network with a highly significant score, which consisted of known clusters of cell death, cancer, and endocrine system disorders. We succeeded in listing 10 genes that were up-regulated by the treatment with indomethacin and that were down-regulated by rebamipide, including growth arrest and DNA damage-induced 45α. In conclusion, we demonstrated that cell death, especially apoptosis, pathway is involved in the pathogenesis of indomethacininduced gastric mucosal injury, and that inhibition of apoptosis-related genes is possibly important for the cytoprotective effect of rebamipide against this injury.
Introduction
Nonsteroidal anti-inflammatory drugs (NSAIDs) including aspirin and indomethacin have been widely used clinically as anti-inflammatory, analgestic agents, but it has been documented that NSAIDs cause gastrointestinal erosions *To whom correspondence should be addressed. Tel: +81-75-251-5505and ulcers as adverse effects [1, 2] . Although it has been proposed that a deficiency of endogenous prostaglandins due to inhibition of cyclooxygenase by NSAIDs is involved in these effects [3] , the exact pathogenic mechanism remains to be elucidated. Recently, several groups including us reported that rebamipide, a gastroprotective drug, significantly reduced gastric mucosal injury induced by indomethacin in rodents [4] [5] [6] [7] and humans [8, 9] . We firstly reported that protective effects of rebamipide against indomethacin-induced gastric mucosal injury may result from its antioxidant effect [4] . In addition, we have demonstrated the gastric cytoprotection induced by rebamipide from a double blind comparative study in healthy volunteers [8] .
More recently, we investigated the effect of rebamipide on gene expression in cultured rat gastric mucosal (RGM1) cells exposed to indomethacin [10] . By the analysis using DNA microarray and real-time PCR, we confirmed that the expression of growth arrest and DNA damage-induced 45α (GADD45α) in RGM1 cells is enhanced by the exposure to indomethacin and this enhancement is markedly inhibited by rebamipide. However, the effects of rebamipide on gastric mucosal gene expression in vivo have not been fully addressed. In order to characterize the cytoprotective effects of rebamipide on indomethacin-induced gastric mucosal injury, we developed acute gastric mucosal injury induced by indomethacin in rats and measured comprehensive changes in mRNA expression using DNA microarray in the absence and presence of rebamipide.
Materials and Methods

Reagents
All chemicals were prepared immediately before use. Rebamipide was a gift from Otsuka Pharmaceutical Co., Ltd. (Tokyo, Japan). RNeasy Mini kit was purchased from QIAGEN (Valencia, CA) and Rat Toxicology GeneChip U34 array and Eukaryotic Small Sample Target Labeling Assay kit were from Affymetrix (Santa Clara, CA). All other chemicals used were of reagent grade.
Preparation of rats for acute gastric mucosal injury induced by indomethacin
Male Sprague-Dawley rats weighing 190-210 g were obtained from Keari Co. Ltd. (Osaka, Japan). They were housed in stainless steel cages with wire bottoms and maintained on a 12-h light and 12-h dark cycle with the temperature and relative humidity of the animal room controlled at 21-23°C and 55-65%, respectively. They were not fed for 18 h prior to the experiments, but were allowed free access to water. Maintenance of animals and experimental procedures were carried out in accordance with the U.S. National Institutes of Health Guidelines for the Use of Experimental Animals. All experiments were approved by the Animal Care Committee of Kyoto Prefectural University of Medicine (Kyoto, Japan). Gastric mucosal injury was induced by the oral administration of 25 mg/kg of indomethacin (Sigma Chemical Co., St. Louis, MO) suspended in 0.5% carboxymethyl cellulose (CMC) solution with a few drops of Tween 80 in a volume of 0.5 ml/100 g body weight [11] . According to our previous report [4] , rebamipide (100 mg/kg) dissolved in 0.5% CMC solution was given to the rats by intraperitoneal injection 0.5 h before indomethacin administration. To evaluate the effect of agents on indomethacin injury, rats were divided into the following groups: 1) sham-operated rats receiving 0.5% CMC solution, 2) indomethacin-treated rats receiving 0.5% CMC solution, 3) sham-operated rats receiving rebamipide, and 4) indomethacin-treated rats receiving rebamipide. Each of the groups contained 3 rats.
Laser capture microdissection, isolation of RNA, cDNA synthesis, cRNA amplification, and GeneChip hybridization According to our previous report [12] , we used laserassisted microdissection to obtain cell-specific RNA. Gastric epithelial cells, located mainly in an upper one-third of mucosa, were identified on cryostat sections (8 µm) of the specimens obtained from the stomach of the rat, and the cells were isolated by laser-assisted microdissection using an LM200 system (Olympus, Tokyo, Japan). A sample containing five hundred cells was collected from each stomach. Our experiments were performed according to the Affymetrix GeneChip Eukaryotic Small Sample Target Labeling Assay protocol (Version II). Using this protocol, we succeeded in obtaining a sufficient amount of biotinylated cRNA to perform the GeneChip analysis from the small amount of gastric epithelial cells obtained by laser-captured microdissection.
Total RNA was extracted from the mixtures of three samples using a Qiagen RNeasy kit (Qiagen, Valencia, CA) and treated with DNase to remove any residual genomic DNA. Briefly, for first strand cDNA synthesis, total RNA sample (1 µl) mixed with T7-Oligo(dT) promoter primer was incubated at 70°C in a thermal cycler for 6 min, cooled to 4°C for 2 min, and reverse transcribed for 1 h at 42°C with 3 µl of the RT_Premix_1, and cooled to 4°C. Strand cDNA synthesis was carried out by adding 32.5 µl of SS_Premix_1, and incubating for 2 h at 16°C. The resulting cDNA was cleaned up by ethanol precipitation. To perform in vitro transcription, the dried double-stranded cDNA pellet was mixed with the following reagents (10 µl): 4 µl DEPCtreated water, 4 µl premixed NTPs, 1 µl 10× reaction buffer, and 1 µl 10× enzyme mix, and incubated at 37°C in a water bath for 6 h. First cycle cRNA was cleaned up using the RNeasy Mini Protocol for RNA Cleanup from the handbook accompanying the RNeasy Mini Kit for cRNA purification. For the second cycle of amplification and labeling, the cRNA sample was mixed with random primers (0.2 µg/µl), incubated at 70°C for 10 min, cooled on ice for 2 min, and incubated at 42°C for 1 h with 5 µl of the RT_Premix_2. Second strand cDNA synthesis was carried out by mixing the sample with by addition of 5 µM T7-Oligo(dT) promoter primer and incubating at 70°C for 6 min, cooling at 4°C, and incubating again with 62 µl of SS_Premix_2. The resulting cDNA was treated with 1 µl T4 DNA polymerase (5 U/µl) for 10 min at 16°C, and cleaned up by ethanol precipitation. To perform in vitro transcription and labeling with the ENZO BioArray High Yield RNA Transcript Labeling Kit, the dried double-stranded cDNA pellet was incubated at 37°C for 4 h with 40 µl of the following reagents: 22 µl DEPC-treated water, 4 µl 10× HY reaction buffer, 4 µl 10× biotin labeled ribonucleotides, 4 µl 10× DTT, 4 µl 10× RNase inhibition mix, and 2 µl 20× T7 RNA polymerase. Labeled cRNA target was cleaned up using RNeasy columns.
The fragmentation, hybridization, washing, and staining were carried out according to the instructions described in the GeneChip Expression Analysis Technical Manual. GeneChip arrays were hybridized with the biotinylated products (5 µg/ chip) for 16h at 45°C using the manufacturer's hybridization buffer. After washing the arrays, hybridized RNA was detected by staining with streptavidin-phycoerythrin (6 × SSPE, 0.01% Tween-20, pH 7.6, 2 mg/ml acetylated bovine serum albumin, and 10 µg/ml of streptavidin-phycoerythrin from Molecular Probes). The DNA chips were scanned using a specially designed confocal scanner (GeneChip Scanenr 3000, Affymetrix).
Gene expression analysis
As an initial statistical analysis, we used Affymetrix GeneChip Operating Software (GCOS) version 1.0. GCOS analyzes image data and computes an intensity value for each probe cell. Briefly, mismatch probes act as specificity controls that allow the direct subtraction of both background and cross-hybridization signals. To determine the quantitative RNA abundance, the average of the difference representing perfect match -mismatch for each gene-specific probe family is calculated. GCOS showed expression changes (Increased, Decreased or Marginal) in expression levels between pairs of profiles (difference analysis). For the pathway analysis, Gene probe set ID numbers were imported into the Ingenuity Pathway Analysis software (Ingenuity Systems, Mountain View, CA). The identified genes were mapped to genetic networks available in the Ingenuity database and were then ranked by score. The score is the probability that a collection of genes equal to or greater than the number in a network could be achieved by chance alone. A score of 3 indicates that there is a 1/1000 chance that the focus genes are in a network due to random chance. Therefore, scores of 3 or higher have a 99.9% confidence of not being generated by random chance alone.
Results and Discussion
Analysis for gene expression induced by indomethacin treatment in rats
In the present study, we used the high-density oligonucleotide microarray technique for mRNA expression profile of gastric elithelial cells in order to investigate the mechanism of mucosal injury under the conditions of indomethacin exposure in vivo. We used the Rat Toxicology GeneChip U34 array (Affymetrix), which contained 1,031 probes. The present study showed that the expression of 160 probes (15.5%) showed at least a 2.0-fold up-regulation (158 probes) or down-regulation (2 probes) 2 h after indomethacin administration in comparison with the vehicletreated rats. Selective genes demonstrating alterations greater than 3.0-fold are listed in the Table 1 . Genes involved in redox-related enzymes (superoxide dismutase 1, carbonyl reductase 1, glutathione peroxidase 3, glutathione S-transferase, etc.) and transcription regulators (c-fos oncogene, etc.) were included.
123 of these up-regulated 158 probes were mapped to genetic networks as defined by the IPA tool. By the pathway analysis of the up-regulated 123 probes, 5 networks were found to be significant in that they had more of the identified genes present than would be expected by chance ( Table 2) . The network 1 shown in Table 2 contained the majority of these genes, and had a highly significant score of 73, and consisted of known clusters of cell death, cancer, and endocrine system disorders. Figure 1 illustrated the association of the network 1 that was most significantly affected by indomethacin. These data suggest that the imbalance of gene expression between apoptotic-and anti-apoptotic genes may be involved in the pathogenesis of indomethacin-induced gastric mucosal injury, which was also supported by previous studies. It has been demonstrated that indomethacin treatment induces gastric epithelial cell apoptosis in vivo [13, 14] and in vitro [15, 16] . Recent our study clearly showed apoptotic cell death of gastric epithelial cells induced by indomethacin in vitro [10] .
In addition, we found two major pathways by the Ingenuity pathway analysis; glutathione metabolism and inflammation (Table 3 ). The genes involved in glutathione metabolism included glutathione peroxidase 1 and 3, many types of glutathione S-transferases (GST), and microsomal glutathione transferase (MGST1, 3) were up-regulated after the indomethacin exposure. The glutathione metabolism, a caronical pathway recorded in this analysis, was markedly affected by indomethacin with a most highest significance of p = 1.42 × 10 −7 . This induction of these genes may result from cellular response in gastric epithelial cells against oxidative stress induced by indomethacin administration, or from the direct pharmacological effect of indomethacin. The former hypothesis is supported by several reports [11, 
17-19]
, in which lipid peroxidation was enhanced by indomethacin treatment and indomethacin induced-gastric mucosal injuries were significantly inhibited by the several antioxidants in vivo. The induction of these genes may indicate the presence of oxidative stress in the gastric mucosa after the indomethacin administration. Recent investigation clearly demonstrated that oxidative stress was induced by the irreversible inactivation of gastric peroxidase via the direct interaction between indomethacin and gastric peroxidase [20] . Up-regulation of GST genes is also supported by van Lieshout et al. [21] , who have demonstrated the induction of GST in the stomach by indomethacin in rats. As GST is a family of detoxifying enzymes, the enhancement of GSTs in the stomach may explain in part the anticarcinogenetic properties of nonsteroidal anti-inflammatory drugs including indomethacin. In addition to glutathione metabolism, inflammationassociated genes were also up-regulated after the indomethacin treatment, which included fos, jun, MAP kinase, MAP kinase kinase, MAP kinase kinase kinase, NF-κB, and STAT. Ingenuity Pathway analysis showed that IL-6 signaling was associated with these genes with a significance of p = 3.97 × 10 −6 . Although it has been reported that IL-6 play a significant role in pathogenesis of gastric inflammation induced by Helicobacter pylori [22, 23] , there were no reports investigating the role of IL-6 in indomethacininduced gastric mucosal injury. Further studies will be necessary to clarify the role of this signaling in the pathogenesis of indomethacin-induced gastric injury.
Effects of Rebamipide on Gene Expression Affected by Indomethacin in Rats
We succeeded in listing 10 genes including 2 EST based on the following criteria: genes that are up-regulated at least 2.0-fold after 2-h treatment with indomethacin in comparison with the vehicle-treated rats, and also genes that are downregulated at least 1.5-fold after pretreatment with rebamipide in comparison with pretreatment with vehicle prior to 2-h exposure to indomethacin (Table 4) . These genes were involved in regulators of NF-κB cascade (FK506-binding protein 1a, and IkBα), oxidative stress response (glutathione peroxidase 3, dihydrofolate reductase), and cell cycle regulators {transforming growth factor, wee 1, and growth arrest and DNA-damage-inducible 45α (GADD45α)}.
The down-regulation of NF-κB cascade by rebamipide is in line with the previous report, in which anti-inflammatory effect of rebamipide is derived from the inhibition of NF-κB cascade [24, 25] . The inhibition of the oxidative stress-related genes by rebamipide is also consistent with the data that rebamipide is powerful scavenger of oxygen-derived free radicals [26, 27] . These data suggest that cytoprotection by rebamipide against indomethacin-induced gastric injury may be related to its anti-inflammatory and anti-free radical properties.
Finally, in the Rat Toxicology U34 array, four probe sets were included for the GADD45α gene: rc_AI070295_at, rc_ AI070295_g_at, L32591mRNA_at, and L32591mRNA_g_at. The expression of all four probes was up-regulated at least 1.5-fold after indomethacin exposure and down-regulated by the pretreatment with rebamipide ( Table 5 ). The present data was in line with our previous data obtained from the in vitro study, showing that the expression of GADD45α was enhanced by indomethacin exposure and that this enhancement was markedly inhibited by the treatment with rebamipide [10] . These changes were also confirmed by real-time PCR using a gastric mucosal cell line [10] . These data obtained from in vivo and in vitro studies strongly suggest that GADD45α play a crucial role in indomethacininduced cell death, and that cytoprotective action of rebamipide may, in part, be mediated by this molecule.
Effects of Rebamipide Treatment on Gene Expression in Normal Rats
Among the 1031 probes, the number of genes, the expression levels of which increased more than 1.5-fold in rebamipidetreated mucosa, was 44 including 1 EST. Many investigations have demonstrated several factors, including prostaglandins, growth factors, antioxidants, and heat shock proteins, to exert cytoprotection against gastric injuries. Among these cytoprotective factors, the expression of prostaglandinendoperoxide synthase 1 (cyclooxygenase 1 (cox-1)) was up-regulated by the treatment with rebamipide in vivo as shown in Table 6 . By an in vitro study using gastric epithelial cells, rebamipide treatment increased the expression of cox-1 by 1.32-fold compared to vehicle treatment (data not shown). These results suggest that cytoprotective effects of rebamipide may be derived, in part, from Cox-1 or its generated prostaglandins. Tarnawski et al. [28] previously reported that rebamipide significantly upregulated the proangiogenic genes encoding vascular endothelial growth factor (VEGF), heparin binding epidermal growth-like factor (HB-EGF), fibroblast growth factor receptor-2 (FGFR2), and cyclooxygenase-2 (Cox2), as well as growth promoting genes, including insulin growth factor-1 (IGF-1). However, the enhanced expression of these genes was not re-confirmed in the present study. These difference may be derived the difference between experimental conditions of in vivo (the present study) and in vitro shown by Tarnawski et al. [28] .
In conclusion, the present study using GeneChip analysis demonstrated the enhanced expression of apoptosis-and inflammation-related genes in the gastric epithelial cells exposed to indomethacin in vivo, and that inhibition of apoptosis-related genes, especially GADD45α by rebamipide is possibly important for its cytoprotective effect against this injury.
